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Exocytosis	and	 the	molecular	machines	 that	are	 involved	 in	 carrying	out	 this	essential	
cellular	process,	are	complex	and	poorly	understood.	In	its	most	general	sense,	exocytosis	is	the	
process	by	which	a	cell	releases	a	portion	of	its	contents	to	the	external	surface	of	its	membrane.	
This	 is	 achieved	by	 the	 trafficking	and	 subsequent	merging	of	 cytoplasmic,	membrane-bound	
vesicles	with	the	plasma	membrane.	Exocytosis	is	critical	for	the	survival	of	nearly	all	cell	types,	
where	 its	 precise	 role	 is	 defined	 by	 the	 vesicular	 contents.	 For	 example,	 synaptic	 vesicles	 in	
neurons	contain	small,	water-soluble	neurotransmitters	that	are	used	to	transmit	signals	from	
one	neuron	to	another	throughout	the	body.	Similarly,	a	special	class	of	neuroendocrine	cells	
found	 in	the	pancreas	contain	vesicles	pre-loaded	with	the	peptide	hormone	 insulin,	which	 is	
released	 into	 the	 blood	 stream	 to	 help	 sequester	 glucose.	 However,	 exocytosis	 is	 not	 used	
exclusively	for	the	release	of	cargo,	it	is	also	used	for	maintaining	components	of	the	cell’s	plasma	




be	 confused	 with	 the	 conceptually	 similar,	 yet	 functionally	 opposite	 process	 of	 endocytosis,	
which	involves	the	uptake	of	extracellular	materials	into	the	cytoplasm	of	a	cell.	
Types	of	Exocytosis	







cell	 membrane	 composition,	 constitutive	 exocytosis	 is	 found	 in	 essentially	 all	 cell	 types	
throughout	an	organism.	In	contrast,	regulated	exocytosis	 is	defined	by	the	requirement	for	a	
stimulating	signal	to	“trigger”	the	fusion	of	vesicle	and	plasma	membranes	(Burgoyne	&	Morgan,	
1993).	 This	 triggering	 signal	 induces	 a	 sharp	 rise	 in	 the	 concentration	of	 intracellular	 calcium	
(Ca2+)	and	directs	the	molecular	mechanisms	leading	to	fusion	of	vesicle	and	plasma	membranes.	
For	this	reason,	regulated	exocytosis	is	sometimes	referred	to	as	Ca2+-dependent	exocytosis.	In	
intact	 tissue,	 the	 coordination	 of	 a	 triggering	 signal	 with	 a	 rise	 in	 intracellular	 Ca2+	 requires	
specialized	receptors	and	ion	channels.	Regulated	exocytosis	is	typically	employed	for	the	release	
of	 biologically	 active	 signaling	molecules	 from	 highly	 specialized	 cell	 types	 (e.g.	 neurons	 and	
neuroendocrine	cells),	because	the	triggering	requirement	allows	for	tight	temporal	regulation	
of	a	given	signal.		





















the	 inner	 leaflet	of	 the	 vesicle	membrane	becoming	 continuous	with	 the	outer	 leaflet	of	 the	
plasma	membrane	and	consequently	releasing	all	vesicle	contents	to	the	extracellular	space.	In	





defining	 property	 of	 “kiss-and-run”;	 Figure	 1.1).	 It	 has	 been	 suggested	 that	 “kiss-and-run”	
exocytosis	may	be	used	by	secretory	cells	as	a	means	for	conserving	energy	and	limiting	content	
release	during	basal	conditions	(i.e.	homeostasis),	while	“full-collapse”	may	occur	when	there	is	
an	 immediate	 need	 for	 abundant	 secretion	 (e.g.	 during	 a	 stress	 response).	 However,	 the	
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on	 the	 inner	 surface	 of	 the	 plasma	membrane	 and	 is	 one	 of	 the	 three	 essential	 Soluble	N-







In	 comparison	 to	 the	 visually	 perceivable	 process	 of	 docking,	 the	 priming	 step	 of	
exocytosis	is	more	difficult	to	discern.	While	the	exact	proportion	varies	between	studies,	it	 is	
well	established	 that	only	a	 subset	of	 the	 total	 vesicles	docked	at	 the	plasma	membrane	will	









the	 post-fusion	 SNARE	 complex	 via	 the	 ATPase,	 NSF.	 The	 core	 components	 of	 the	 fusion	
machinery	are	 formed	by	three	“SNARE”	 (or	SNAP	Receptor)	proteins.	Two	of	 these	proteins,	
Syntaxin-1	and	Synaptosome-Associated	Protein	of	25	kDa	(SNAP-25),	are	located	on	the	plasma	
membrane	 (t-SNAREs),	 whereas	 the	 third	 protein,	 Synaptobrevin-2	 (also	 called	 VAMP-2	 for	
Vesicle-Associated	Membrane	Protein-2)	is	found	inserted	into	the	vesicle	membrane	(v-SNARE;	
Figure	1.2	A).	The	zippering	of	α-helical	domains	within	these	proteins	provides	the	specificity	
and	 driving	 force	 for	 completing	 the	 process	 of	 exocytosis	 (Rothman	 1994).	 Following	 a	 full-
collapse	fusion	event,	the	three	SNARE	proteins	are	fully	zippered	together	on	the	inside	of	the	
plasma	 membrane	 in	 what	 is	 termed	 the	 ternary	 cis-SNARE	 complex.	 Because	 this	 is	 an	
energetically	 favorable	 state,	 the	 SNARE	 components	will	 remain	 twisted	 together,	 and	 thus	
unusable	for	future	exocytosis,	unless	disassembled	by	an	outside	source.	Disassembly	of	the	cis-




may	 differ	 between	 cell	 types,	 but	 evidence	 from	 both	 chromaffin	 cells	 and	 PC12	 cells	 (an	














Synaptobrevin	and	Syntaxin,	along	with	 two	copies	of	SNAP-25.	The	primary	driving	 force	 for	







A	 second	 proposed	 role	 for	 ATP	 during	 vesicle	 priming	 is	 through	 the	 biosynthesis	 of	
Phosphatidylinositol	 4,5-bisphosphate	 (PIP2)	 from	 precursor	 molecules.	 PIP2	 is	 a	 negatively	
charged	 lipid	molecule	 that	 is	 found	on	 the	 inner	 leaflet	of	 the	plasma	membrane	at	 sites	of	
exocytosis,	and	serves	as	a	context-specific	signal	 for	binding	of	effector	proteins	 (Holz	et	al.,	
2000;	 Alberts	 et	 al.,	 2008).	 Synthesis	 of	 PIP2	 involves	 the	 sequential	 conversion	 of	
Phosphatidylinositol	(PI)	to	Phosphatidylinositol	4-phosphate	(PIP)	and	then	to	PIP2	by	the	ATP-
dependent	 activity	 of	 Phosphatidylinositol	 4-kinase	 (PI4KI)	 and	 Phosphatidylinositol	 4-
phasphate-5-kinase	(PIP5KI),	respectively.	Proper	trafficking	of	PIP2	to	the	plasma	membrane	also	




confirmed	 the	 requirement	 for	 PIP2	 in	 vesicle	 priming	 and	 identified	 candidate	 effector	
molecules,	including	Ca2+-Dependent	Activator	Protein	for	Secretion	1	(CAPS-1)	and	Munc13-1/2.	
These	molecules	bind	to	both	PIP2	and	SNARE	proteins,	possibly	serving	to	stabilize	the	SNARE	





until	 an	 appropriate	 triggering	 signal	 arrives.	 This	 triggering	 signal	 is	 ultimately	manifest	 as	 a	
sharp	 rise	 in	 intracellular	 Ca2+	 levels.	 In	 adrenal	 chromaffin	 cells,	 this	 Ca2+	 spike	 results	 from	
		
9	
upstream	 signaling	 by	 acetylcholine	 (ACh)	 and	 Pituitary	 Adenylate	 Cyclase-Activating	 Peptide	




and	 Syt-7	 (Schonn	 et	 al.,	 2008).	 These	 Syt	 isoforms	 are	 transmembrane	 proteins	 found	 on	
secretory	vesicles	and	contain	two	cytoplasmic	Ca2+-binding	domains	(see	below).	Loss	of	Syt-1	
and/or	 Syt-7	 will	 reduce	 synchronous	 and	 asynchronous	 Ca2+-triggered	 vesicle	 fusion	
respectively,	implicating	these	proteins	as	the	Ca2+	sensors	for	regulated	exocytosis	(Geppert	et	
al.,	1994;	Voets	et	al.,	2001a;	Schonn	et	al.,	2008;	Bacaj	et	al.,	2013).		
Once	bound	by	Ca2+,	Syt	may	act	 to	promote	 the	downstream	fusion	process	 through	
multiple	mechanisms.	First,	 there	 is	evidence	that	Ca2+-bound	Syt	can	bind	with,	and	partially	
insert	 itself	 into,	membranes	 containing	 PIP2	 (Martens	 et	 al.,	 2007;	 Lynch	 et	 al.,	 2008).	 This	
interaction	may	 induce	positive	plasma	membrane	curvature	that	promotes	merging	with	the	
closely	apposed	vesicle	membrane	(Hui	et	al.,	2009).	Secondly,	Ca2+-bound	Syt	has	been	shown	




binding	may	 facilitate	assembly	or	 stabilization	of	 the	SNARE	complex	as	 it	drives	membrane	
fusion.	Evidence	also	suggests	that	the	soluble	protein	Complexin	plays	an	important	role	during	
Syt-mediated	 triggering	 of	 exocytosis.	 It	 is	 believed	 that	 Complexin	 acts	 as	 a	 “clamp”,	
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simultaneously	 binding	 the	 t-SNARE	 Syntaxin-1	 and	 v-SNARE	 Synaptobrevin-2	 to	 prevent	









































are	 the	primary	 cell	 type	 found	 in	 the	 adrenal	medulla.	 These	 cells	 are	 best	 known	 for	 their	
physiological	role	in	producing	and	secreting	the	catecholamines	epinephrine	(adrenaline)	and	
norepinephrine	in	the	context	of	the	mammalian	“fight-or-flight”	response	originally	described	
by	 Walter	 B.	 Cannon.	 Chromaffin	 cells	 serve	 as	 the	 primary	 effector	 in	 the	 Hypothalamo-
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Splanchnico-Adrenomedullary	 (HSA)	 axis,	 receiving	 input	 from	 the	 greater	 splanchnic	 nerves	
(part	 of	 the	 sympathetic	 nervous	 system)	 (Carmichael	 &	 Winkler,	 1985).	 In	 response	 to	
acetylcholine	 (ACh)	and	Pituitary	Adenylate	Cyclase-Activating	Peptide	 (PACAP)	signaling	 from	
the	splanchnic	nerves,	chromaffin	cells	release	a	variety	of	physiologically	relevant	substances	
via	both	 synchronous	and	asynchronous	exocytosis	 (Voets	et	al.,	 1999;	 Smith	&	Eiden	2012).	
These	substances	include:	epinephrine	(Epi),	norepinephrine	(NE),	neuropeptide	Y	(NPY),	tissue	
plasminogen	activator	(tPA),	enkephalin,	and	chromogranins	A	&	B	(CgA,	CgB)	(Lundberg	et	al.,	




















processes	make	 chromaffin	 cells	 easier	 to	 viably	dissociate	 from	 living	 tissue	as	 compared	 to	
neurons	(Kolski-Andreaco	et	al.,	2007).	Once	isolated	in	2-dimensional	culture,	these	cells	take	








As	 discussed	 above,	 Synaptotagmin	 (Syt)	 is	 widely	 accepted	 to	 be	 the	 primary	 Ca2+-
sensing	protein	that	triggers	regulated	exocytosis	in	neurons	and	neuroendocrine	cells	(Brose	et	











































be	 dependent	 on	 these	 Asp	 residues	 and	 likely	 occurs	 due	 to	 the	 electrostatically	 favorable	
“bridge”	that	Ca2+	ions	form	between	the	negatively	charged	phospholipid	head	groups	and	C2	







Following	 the	discovery	 and	 structural	 characterization	of	 Syt,	 a	 number	of	 important	











mediated	vesicle	 fusion	 in	vitro.	Using	their	 fusion	assay,	 they	observed	that	Syt-7	stimulated	
membrane	fusion	in	the	presence	of	roughly	400-fold	less	Ca2+	than	Syt-1,	indicating	that	at	least	











cells	 might	 utilize	 their	 two	 versions	 of	 Syt	 to	 tune	 the	 release	 kinetics	 of	 vesicular	 cargo.	






each	 isoform	 translate	 into	 differences	 in	 how	 (i.e.	 fusion	 mode)	 and	 when	 each	 vesicle	









largely	 co-sorted	 in	PC12	 cells,	with	more	 than	60%	co-localization	between	all	 isoform	pairs	





and	 those	 where	 Syt	 fluorescence	 remained	 elevated	 indefinitely.	 Syt-1	 fusion	 events	 were	
characterized	by	faster	loss	of	Syt	protein	from	sites	of	exocytosis,	whereas	Syt-7	events	primarily	






under	the	selection	pressures	 imposed	by	residence	 in	an	 intact	organism,	and	therefore	 it	 is	
possible	 that	decades	of	 subculturing	have	 resulted	 in	additional	genomic	alterations	beyond	
those	that	led	to	their	tumorigenic	properties.	For	example,	this	could	explain	why	two	additional	
Syt	 isoforms	 are	 expressed	 in	 these	 cells	 and/or	why	 these	 isoforms	 show	 a	 high	 degree	 of	
isoform	co-sorting.	








As	 mentioned	 earlier,	 Ca2+	 entry	 into	 chromaffin	 cells	 occurs	 via	 voltage-gated	 Ca2+	
channels	 in	the	plasma	membrane.	While	the	voltage	threshold	for	opening	these	channels	 is	
achieved	 through	 acetylcholine	 and	 PACAP	 receptor	 activation	 in	 vivo,	 this	 threshold	 can	 be	
surmounted	 in	cell	culture	studies	by	bathing	cells	with	solutions	containing	elevated	cations,	











using	 polarized	 TIRF	 (pTIRF)	 microscopy.	 This	 technique	 allows	 for	 simultaneous,	 real-time	
imaging	of	plasma	membrane	topography	and	fluorescent	protein	behavior	(Anantharam	et	al.,	















a	 potential	 picture	 of	 how	 the	 calcium	 sensing	 protein	 Synaptotagmin	 influences	 fusion	





favor	 exocytotic	 release	 from	 Syt-7-bearing	 LDCVs.	 These	 vesicular	 release	 events	 are	
predominantly	characterized	by	a	constricted	fusion	pore	which	likely	limits	the	diffusion	rate	of	














Establishing	 the	 independent	sorting	and	divergent	 secretory	phenotypes	of	Syt-1	and	
Syt-7	 in	 chromaffin	 cells	 was	 a	 major	 step	 in	 understanding	 the	 molecular	 regulation	 of	
exocytosis.	However,	these	findings	unveiled	new	questions	regarding	how	Syt	 isoforms	exert	
influence	on	the	fusion	mode	of	LDCVs.	From	a	molecular	standpoint,	one	of	the	most	important	














As	discussed	above,	 the	primary	 structures	 responsible	 for	Ca2+	binding	 to	Syt	are	 the	
three	 flexible	 loops	 extending	 out	 from	 the	 top	 of	 each	 C2	 domain	 β-sandwich	 (Fernandez-
Chacon	et	al.,	2002).	Figure	1.5	shows	a	comparison	of	the	C2B	domains	of	Syt-1	(A	and	D)	and	







Syt-1:Syt-7	mutants.	Based	on	 the	 fusion	mode	preference	of	each	 isoform	and	 the	 fact	 that	



















binding	 loops	 labeled.	 (B)	Syt-7	C2B	domain	structure	as	determined	by	X-ray	crystallography	
with	Ca2+-binding	loops	labeled.	(C)	Overlay	of	Syt-1	(orange)	and	Syt-7	(blue)	C2B	structures	from	
X-ray	crystallography	data.	Ca2+	ions	are	depicted	as	yellow	spheres.	(D	and	E)	Enlarged	view	of	
the	Ca2+-binding	pocket	of	Syt-1	 (D)	 and	Syt-7	 (E)	based	on	X-ray	crystallography.	Amino	acid	
residues	 implicated	 in	Ca2+	binding	are	 labeled	and	highlighted	 in	 red.	Syt-7	 residue	numbers	
depicted	in	(E)	are	offset	by	-6	relative	to	the	corresponding	positions	in	Syt-1	due	to	differences	











To	 perform	 this	 mutagenesis,	 three	 sets	 of	 primers	 were	 designed,	 with	 each	 set	
containing	a	forward	and	reverse	oligonucleotide	that	targeted	a	single	C2B	loop	(Integrated	DNA	
Technologies,	Coralville,	 IA).	These	primers	contained	a	central	 sequence	matching	 the	entire	
























of	each	primer	 sequence	 contains	 the	mutagenic	bases	of	 the	 corresponding	Syt-7	C2B	 loop,	










DpnI	 digestion	 and	 heat	 inactivation,	 the	 remaining	 PCR	 products	 were	 transformed	 into	
competent	 DH5α	 cells	 according	 to	 the	 manufacturers	 recommendations,	 although	 with	 an	
additional	 two	 hours	 of	 incubation	 (Invitrogen	 Corporation,	 Carlsbad,	 CA).	 Six	 transformants	
were	isolated	from	colonies	grown	overnight	on	Ampicillin-selective	(Amp+)	agar	media.	Selected	
transformants	were	transferred	to	liquid	Amp+	media	and	again	incubated	overnight	in	a	37˚C	




DNA	 stocks	 containing	 the	 proper	 nucleotide	 substitutions	 were	 then	 subjected	 to	 a	
second	round	of	Sanger	sequencing	with	an	array	of	primers	designed	to	give	a	readout	of	the	
entire	 open	 reading	 frame	 containing	 the	 Syt-pHluorin	 fusion	 construct.	 This	 readout	 was	
compared	to	the	wild-type	Syt-1	construct	sequence	to	ensure	that	mutagenesis	was	restricted	
to	 the	desired	C2B	 loop.	Three	single-loop	Syt	chimeras	were	generated:	Syt1:7-C2B1,	Syt1:7-
C2B2,	 and	 Syt1:7-C2B3	 (subscript	 numbers	 corresponding	 to	 the	 C2B	 loop	 mutated	 in	 each	
construct).	The	resulting	amino	acid	substitutions	for	each	construct	are	as	follows:	Syt1:7-C2B1:	
K301A,	V304I,	L307T;	Syt1:7-C2B2:	N333R,	T334N;	Syt1:7-C2B3:	Y364K,	I367L,	G368S,	K369R.	The	


























Adrenal	 glands	 of	 adult	 cows	 (Bos	 taurus)	 were	 obtained	 from	 JBS	 Packing	 Company	
(Plainwell,	MI)	on	the	day	of	slaughter	and	kept	on	ice	during	transit.	The	adrenal	glands	were	
cleaned	 in	a	non-divalent	 saline	solution	 (145	mM	NaCl,	5.6	mM	KCl,	15	mM	HEPES,	5.6	mM	
Glucose,	100	Units/ml	Penicillin-Streptomycin),	then	injected	with	a	pre-warmed	mixture	of	2:1	
Liberase	 TH	 and	 TL	 (Sigma-Aldrich,	 St.	 Louis,	MO)	 and	placed	 in	 a	 beaker	within	 a	 stationary	



















































(θc)	 described	 by	 Snell’s	 law	 relating	 the	 refractive	 indices	 of	 the	 glass	 coverslip	 and	 cell	
membrane	(see	text).	This	results	in	the	propagation	of	an	exponentially	decaying	“evanescent	







including	 the	 incorporation	 of	 polarized	 light	 sources	 (pTIRF)	 (Taraska	 &	 Almers,	 2004;	
Anantharam	et	al.,	2010).	Proper	splitting	and	polarization	of	a	 laser	results	 in	one	beam	that	
specifically	excites	fluorophores	oriented	in	the	same	plane	as	the	coverslip-sample	interface	(s-
polarlized;	 s-pol),	 and	 another	 beam	 that	 excites	 fluorophores	 oriented	perpendicular	 to	 the	
interface	(p-polarized;	p-pol).	This	setup	is	advantageous	for	imaging	topological	changes	in	the	
plasma	membrane	using	membrane-intercalating	dyes	 (e.g.	DiD,	DiI),	because	 their	 transition	
dipole	moment	(i.e.	the	plane	they	can	be	excited	in)	is	roughly	parallel	to	the	membrane	surface	












(A)	 Orientation	 of	 a	 DiD	 molecule	 intercalated	 into	 a	 lipid	 bilayer.	 Membrane	 insertion	 is	





dye	 marking	 the	 back	 of	 fused	 vesicles	 (because	 these	 molecules	 are	 much	 deeper	 in	 the	










(kiss-and-run),	 the	 ratio	 will	 drop	 back	 down	 closer	 to	 its	 pre-fusion	 value	 as	 the	 plasma	
membrane	flattens	and	the	vesicle	leaves	the	evanescent	field.	A	second	parameter,	the	P+2S	
value,	has	been	shown	in	previous	studies	to	correspond	with	the	total	amount	of	dye	in	a	region	










The	 thesis	 research	 presented	 here	was	 conducted	 using	 the	 same	 pTIRF	microscopy	
system	as	Rao	et	al.	(2014).	This	system	employs	two	solid-state	lasers	(Coherent	Inc.,	Santa	Clara,	
CA);	 a	 488-nm	 laser	 used	 to	 excite	 the	 Synaptotagmin-linked	 fluorescent	 protein	 pHluorin	
(described	 below),	 and	 a	 561-nm	 laser	whose	 output	 is	 split	 into	 two	orthogonally	 polarized	
beams	used	to	selectively	excite	the	membrane-intercalating	dye	DiD	(Invitrogen	Corporation,	
Carlsbad,	CA)	based	on	its	orientation	(see	above).	The	current	study	focused	primarily	on	the	
persistence	of	 topological	 changes	 (i.e.	elevated	P/S	 ratios)	and	pHluorin	signatures	 following	
membrane	fusion	mediated	by	Syt	chimeras.	























the	 vesicle	 lumen	 and	 extracellular	 fluid,	 the	 luminal	 pH	 rapidly	 neutralizes,	 causing	 pHl	
molecules	 exposed	 to	 488-nm	 light	 to	 fluoresce	brightly.	 This	 fluorescence	will	 persist	 at	 the	

























































then	 transferred	 to	 an	 excel	 document	 and	 graphed.	 Exocytotic	 events	 (i.e.	 ROIs)	 were	 only	
included	in	the	analysis	if	they	showed	a	significant	change	(>10%)	in	all	three	values	within	five	
frames	 (~2	 sec)	 of	 the	 fusion	 frame,	 as	 indicated	 by	 the	 spike	 in	 pHl	 emission	 intensity.	 As	
expected,	pHl	and	P/S	ratio	values	always	increased	following	fusion,	whereas	P+2S	values	either	
increased	or	decreased.	The	10%	significance	threshold	used	in	this	study	was	based	on	a	similar	
(albeit	 slightly	 less	 stringent)	 threshold	of	7%	used	by	Rao	et	al.	 (2014),	 and	 this	 change	was	
measured	in	relation	to	the	average	parameter	value	in	the	three	frames	prior	to	fusion	(i.e.	the	
pre-fusion	 baseline).	 All	 reported	 durations	 reflect	 the	 amount	 of	 time	 a	 given	 parameter	
















providing	 clues	 to	 their	 respective	 roles	 in	 the	 fusion	process.	 For	 instance,	Rao	et	al.	 (2014)	
compared	the	post-fusion	persistence	of	pHluorin-tagged	Synaptotagmin	(Syt)	isoforms	at	sites	
of	exocytosis.	In	the	current	study,	this	was	initially	investigated	for	control	data	(i.e.	wild-type	
[WT]	 Syt-1	 and	 Syt-7)	 to	 validate	 the	 previously	 published	 findings	 on	 the	 behavior	 of	 these	
isoforms.	 It	was	 found	that	WT	Syt-7	pHl	remained	punctate	at	sites	of	exocytosis	 for	 tens	of	








Pairwise	 Chi-Square	 tests	 for	 homogeneity	were	 used	 to	 assess	whether	 protein	 persistence	
distributions	differed	significantly	between	Syt	constructs.	All	individual	events	for	each	construct	
were	 binned	 into	 three	 groups	 based	 on	 how	 long	 the	 pHluorin	 signal	 remained	 elevated	
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The	 top	 row	 for	 each	 construct	 shows	 the	 pHluorin	 emission	 used	 to	 determine	 the	 time	 of	
vesicle	 fusion	 (t=	0	 sec)	and	 track	protein	persistence.	The	middle	 row	 (P/S)	and	bottom	row	




To	 identify	 what	 portion	 of	 the	 Syt-isoforms	 contributed	 to	 these	 differences,	 the	
chimeras	were	tested	in	this	assay	and	compared	to	the	wild-type	isoforms.	It	was	found	that	the	
single	 loop	 Syt	 chimeras,	 Syt1:7-C2B1,	 Syt1:7-C2B2,	 and	 Syt1:7-C2B3	 all	 showed	 a	 less	
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dichotomous	 trend,	 with	 protein	 persisting	 for	 >20	 sec	 in	 33%,	 38%,	 and	 39%	 of	 events,	
respectively	(Figure	3.2	C).	Binning	of	persistence	durations	for	all	events	into	three	groups	(<20	




























C2B1,2,3	 in	 comparison	 to	WT	 Syt-1.	 (B)	 Box	 plots	 depicting	 the	 inner	 quartile	 range	 (IQR)	 of	
durations	and	the	average	duration	computed	from	all	events	within	the	IQR.	(C)	Graph	reporting	
the	percentage	of	all	events	for	each	construct	that	showed	protein	persistence	in	excess	of	20	



















































































all	 chimeric	proteins	 falling	 in	 the	middle	at	~95%	(data	not	 shown).	This	will	be	discussed	 in	
greater	detail	below.	Overall,	 these	 findings	 suggest	 that	 the	Syt-7	C2B	 loops	can	 individually	
















seen	 in	 the	 sample	 time-lapse	 images	 shown	 in	 Figure	 3.1.	 Regarding	 protein	 persistence	







Furthermore,	 the	 triple	 loop	 chimera	 had	 the	 greatest	 influence	 on	 post-fusion	
membrane	topology.	Events	that	fell	within	the	IQR	had	an	average	P/S	rise	that	lasted	for	36	sec	
(SEM	±	3.56	sec),	nearly	as	long	as	WT	Syt-7	(38.3	±	2.99	sec)	(Figure	3.3,	A	and	B;	Table	3.4).	
Likewise,	more	 than	 60%	 of	 Syt1:7-C2B1,2,3	 events	 showed	 a	 P/S	 elevation	 exceeding	 20	 sec	
(compare	to	above),	with	~34%	of	all	elevations	outlasting	the	imaging	period	(roughly	the	same	
as	for	WT	Syt-7;	Figure	3.3,	C	and	D).	The	duration	distributions	for	persistence	of	both	protein	
and	 membrane	 topology	 were	 highly	 significant	 between	 Syt1:7-C2B1,2,3	 and	 WT	 Syt-1	 (p	 <	
0.0005;	Tables	3.1	and	3.3).	Taken	together,	these	results	suggest	that	the	amino	acids	within	the	



















Syt-7	 following	 fusion	 was	 confirmed	 more	 recently	 using	 the	 super-resolution	 method	 of	
Stochastic	Optical	Reconstruction	Microscopy	(STORM;	Rao,	2016).	The	findings	presented	here	
suggest	 that	 Ca2+-mediated	 binding	 specifically	 by	 the	 C2B	 domain	 influences	 how	 long	 Syt	
remains	 clustered	 at	 sites	 of	 exocytosis.	 This	 clustering	may	 result	 from	 Syt	 interacting	with	
phospholipids	 in	 the	 membrane,	 other	 fusion	 machinery	 proteins,	 and/or	 forming	 homo-
oligomers	with	itself.	It	was	recently	demonstrated	in	vitro	that	the	cytosolic	fragment	of	Syt-7	

























values	 should	 correspond	 to	 the	 relative	 dye	 concentration	 in	 a	 region	 confounded	with	 the	
depth	of	that	region	within	the	evanescent	field.	Based	on	this,	exocytotic	events	characterized	
by	 a	 persistently	 constricted	 fusion	 pore	 and/or	 endocytosis	would	 be	 predicted	 to	 show	 an	
increase	 in	 P+2S,	 while	 events	 that	 undergo	 fusion	 pore	 expansion	 should	 show	 a	 transient	







P+2S	 steadily	 increased	 from	 the	 beginning	 until	 the	 end	 of	 the	 imaging	 period.	 However,	
		
50	
photoactivation	 of	 DiD	 should	 not	 have	 influenced	 P/S	 ratios,	 as	 both	 p-	 and	 s-pol	 elicited	
emissions	would	change	proportionately	when	this	occurred.	
The	relationship	between	pHl	persistence	and	P/S	curvature	could	lead	one	to	question	







all	 constructs,	 and	 suggests	 that	 while	 Syt	 persistence	 might	 contribute	 to	 maintaining	
membrane	curvature,	the	two	parameters	are	not	always	in	tight	temporal	synchronization.	
The	 C2B	 domain	 of	 Syt	 has	 been	 previously	 implicated	 in	 influencing	 fusion	 pore	
dynamics.	Wang	et	al.	(2006)	found	that	a	point	mutation	in	the	third	Syt-1	C2B	loop,	D363N,	
resulted	in	~50%	fewer	fusion	events	in	which	the	fusion	pore	dilated	after	forming.	The	mutation	
utilized	 in	the	Wang	et	al.	 study	effectively	neutralizes	one	of	 the	conserved	aspartic	acid	 (D)	
residues	found	in	the	Ca2+-binding	pocket	of	both	WT	Syt-1	and	Syt-7.	Data	from	the	current	study	
suggests	 that	 other	 non-conserved	 amino	 acid	 residues	 in	 the	 Ca2+-binding	 pocket	 can	 also	
impact	 the	 ability	 of	 Syt	 C2B	 to	 influence	 fusion	 pore	 dilation.	 One	 potential	 source	 for	 this	
influence	is	the	adjacent	residue	at	position	364.	Syt-1	possesses	a	tyrosine	(Y)	residue	in	this	





result	 in	 proteins	 with	 the	 K364	 genotype	 forming	 tighter	 electrostatic	 interactions	 with	




and	arginine	 (R)	 residue	within	C2B	 loop	3	 (positions	368	and	369	 respectively	 in	Figure	2.2).	






Syt-1	 C2B	 domain	 was	 replaced	 entirely	 with	 the	 Syt-7	 C2B	 domain,	 and	 then	 introduced	
mutations	that	reverted	portions	of	the	domain	back	to	their	Syt-1	genotype.	Replacing	the	entire	
C2B	 domain	 resulted	 in	 a	 significant	 reduction	 in	 the	 amplitude	 of	 post-synaptic	 electrical	
signaling	 (consistent	with	 a	decrease	 in	 rapid	 full-collapse	 fusion	events	 typical	 of	WT	Syt-1).	
None	of	the	reversions	they	introduced	into	C2B	could	rescue	the	loss	of	the	robust	rapid	fusion	
component.	However,	it	is	interesting	to	note	that	this	study	specifically	avoided	reverting	the	




Studies	 have	 also	 established	 the	 ability	 of	 Syt	 C2B	 to	 undergo	 partial	 membrane	
penetration	via	insertion	of	critical	hydrophobic	residues	into	the	plasma	membrane	(Bai	et	al.,	
2002;	Fernandez-Chacon	et	al.,	2002;	Bai	et	al.,	2004a).	In	Syt-1,	these	residues	are	valine	(V)	and	
isoleucine	 (I)	 at	 positions	 304	 (loop	1)	 and	367	 (loop	3),	 respectively.	 Interestingly,	 Syt-7	 has	
substitutions	at	both	positions	(V304I	and	I367L),	and	although	the	substituted	amino	acids	are	
also	hydrophobic,	they	may	still	differ	in	their	degree	of	penetration	and	relative	affinity	based	












Syt-1	 and	 -7	 might	 translate	 into	 differences	 in	 how	 avidly	 these	 isoforms	 aggregate	 with	


















al.,	 2001).	 Furthermore,	 Syt-SNARE	binding	 also	 appears	 to	 influence	 fusion	pore	 stability,	 as	
impairment	 of	 t-SNARE	 binding	 inhibits	 fusion	 pore	 expansion	 and	 promotes	 kiss-and-run	
exocytosis	(Lynch	et	al.,	2008).	This	raises	the	question	of	whether	Syt-1	and	Syt-7	differ	in	their	




effector	 proteins	 can	 alter	 fusion	 pore	 stability.	 Research	 shows	 that	 Syt-1	 can	 directly	 bind	




suggest	 that	 Cpx	 acts	 as	 a	 fusion	 clamp,	 binding	 the	 SNARE	 complex	 to	 prevent	 premature	
exocytosis,	and	that	Syt	might	displace	or	induce	conformational	changes	in	Cpx	to	release	the	






How	 and	 why	 would	 organisms	 use	 multiple	 Synaptotagmin	 isoforms	 that	 impart	
divergent	outcomes	on	secretory	vesicles?	Perhaps	the	best	possibility	is	that	Syt-1	and	Syt-7	are	
used	to	fine	tune	the	energetic	costs	of	secretion	from	adrenal	chromaffin	cells	based	on	the	
current	 environmental	 context.	Mild	 sympathetic	 nervous	 system	 (SNS)	 activity	 should	 favor	
secretion	from	Syt-7	vesicles,	whereas	robust	SNS	activation	during	periods	of	stress	should	also	
promote	Syt-1	secretion	(Fulop	&	Smith,	2007;	Rao	et	al.,	2014).	The	advantage	of	this	scheme	is	










Furthermore,	 the	 current	 study	 provides	 evidence	 that	 relatively	 small	 genetic	 alterations	 in	





shown	that	stress	 induces	changes	 in	mRNA	 levels	of	Syt	 in	hippocampal	 tissue	 (Sugita	et	al.,	
2001;	Thome	et	al.,	2001).	Deficits	in	learning	and	memory	function	are	well-characterized	effects	




the	 signaling	 activity	 at	 a	 given	 synapse	 (the	 definition	 of	 LTP)	 by	 activating	 an	 additional	











in	 the	Syt-1	phenotype	 towards	 that	of	WT	Syt-7.	However,	 this	did	not	 fully	account	 for	 the	
difference	 observed	 between	 wild-type	 isoforms,	 suggesting	 that	 other	 domains	 should	 be	
investigated	 for	 their	 relative	 contribution	 to	 these	 behaviors.	 Additionally,	 future	 research	
should	 address	 whether	 swapping	 the	 C2B	 loops	 also	 leads	 to	 higher	 rates	 of	 kiss-and-run	
exocytosis	and	slowing	of	cargo	release,	as	has	been	documented	for	WT	Syt-7.	Nonetheless,	the	
results	presented	here	provide	novel	and	important	insights	into	how	Synaptotagmin,	a	protein	
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